The adsorption of dibenzothiophene (DBT) on bare and boron-doped armchair carbon nanoribbons (ACNRs) is being investigated in the framework of the density functional theory by implementing periodic boundary conditions that include corrections from dispersion interactions. The reactivity of the ACNRs is characterized by using the Fukui functions as well as the electrostatic potential as local descriptors. Non-covalent adsorption mechanism is found when using the local Perdew-BeckeErnzerhof functional, regardless of the DBT orientation and adsorption location. The dispersion interactions addition is a milestone to describe the adsorption process. The charge defects introduced in small number (i.e., by doping with B atoms), within the ACNRs increases the selectivity towards sulfur mainly due to the charge depletion at B sites. The DBT magnitude in the adsorption energy shows non-covalent interactions. As a consequence, the configurations where the DBT is adsorbed on a BC 3 island increase the adsorption energy compared to random B arrangements. The stability of these configurations can be explained satisfactorily in terms of dipole interactions. Nevertheless, from the charge-density difference analysis and the weak Bader charge-distribution interactions cannot be ruled out completely. This is why the electronic properties of the ribbons are analyzed in order to elucidate the key role played by the B and DBT states in the adsorbed configurations. V C 2015 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Organosulfur compounds such as thiophenes are pollutants present in undesirable proportions in many petrochemical industry derivatives such as gasoline, highway diesel, and jet fuel. 1, 2 These compounds, being the heavier ones the dibenzothiophene (DBT) and its alkyl derivatives show a major drawback to refineries as those present a rather low reactivity in the hydrodesulfurization processes (HDS) due to both of them require high temperature and pressure to increase the removal efficiency. [3] [4] [5] [6] A direct environmental impact occurs when lower sulfur levels are reached due to the increasing operation costs for HDS, alternative desulfurization methods are foreseen. A promising approach relies to use molecular sieves to adsorb the sulfur compounds. 7 In this direction, several materials such as hydrogels, 8 alumina, 9 zeolites, 10 and activated carbon [11] [12] [13] have been tested as adsorbents with poor results.
An alternative approach that we are pursuing in this work is the use of nanostructured materials with high adsorption capacity. An attractive candidate as adsorbent material is nanostructured carbon. This material has quite a few key characteristics, one of them relies into adopt a set of geometrical structures leading to a large variety of materials with novel physical and chemical properties. Few of these carbon-based aromas prone to study are graphene, carbon nanotubes (CNTs), carbon nanoribbons (CNRs), among others. Those have attracted a lot of interest due to the feasibility of tailoring the structural and electronic properties as required for technological applications. [14] [15] [16] [17] However, previous work shows that adsorption of thiophene and DBT on bare graphene and CNTs was not promising due to the limited reactivity of both surfaces. 18 The main aim in this work is to demonstrate, based on theoretical analyses, that it is possible to tune the reactivity of these materials, specifically, CNRs through a selective doping in low concentrations and by controlling the relative arrangement of the dopant atoms. In order to reach such goal, we are focusing into propose novel structures with suitable adsorption properties that encompass a broad variety of characteristics for sensing applications.
CNRs are long and narrow an atom thick-sheets made out of graphene. Those are passivated at the edges with hydrogen atoms. In function of the cutting edge direction, two topological conformations are obtained: armchair and zigzag according to the edges nature. By following a usual convention, [19] [20] [21] [22] [23] the armchair CNRs zigzag chains, these nanoribbons are referred as zigzag CNRs. Due to their finite dimension, CNRs have a peculiar set of electronic states close to the edges that play a key role within the reactivity and electronic properties. [19] [20] [21] [23] [24] [25] In this matter, CNRs seem more appropriate than graphene and CNTs to develop an adsorbent material by tuning its reactivity through functionalization and doping. According to a broad bibliography survey, this study is the first report of the organosulfur compounds adsorption on ACNRs to tune the reactivity properties of boron-doped ACNRs (B-ACNRs). Our research work has the following distribution: Section II describes the methodology implemented to perform the simulations. In Sec. III, a discussion on the structural and energetic stability of the adsorption complexes as well as the main results are shown. Finally, the conclusions of this study are discussed in Sec. IV.
II. COMPUTATIONAL METHODS
By following the usual convention, 26 the size of the ACNRs is denoted as M Â N, where M is the number of rows along the transverse (x) direction, and N represents the number of rows along the periodic (z) direction as shown in Fig. 1 . In this work, we restricted our study to a size of 16 Â 4 ACNRs, although the results obtained from this study can be applied to larger systems. The B-ACNRs are obtained through the substitution of six carbon atoms by boron atoms in the bare 16 Â 4 ACNRs (less than 10% doping). Three geometrical arrangements of the boron atoms are analyzed and depicted in Figs. 1(c) to 1(e). In here, (c) depicts a BC 3 island placed at the center of the ribbon, where it is denoted as ACNR-C; at (d), a BC 3 island is placed at an edge of the ribbon denoted as ACNR-E; and finally, at (e) a random distribution of boron atoms over the entire ribbon is denoted as ACNR-R.
The ACNRS and B-ACNRs structures are relaxed self consistently at DFT level without imposing any symmetry constraint by using the conjugate gradient method, until the force on each atom was lower than 0.01 eV/Å . The numerical analyses are performed by using the "Vienna Ab initio Simulation Package" (VASP). [27] [28] [29] In here, the DFT KohnSham equations by using a plane-wave basis are set. We selected the projector-augmented wave (PAW) method to use the interactions between ionic cores and valence electrons. 30, 31 It is also included the electronic exchange and correlation effects by using the Perdew-Burke-Ernzerhof (PBE) gradient-corrected functional with a long-range dispersion correction through the Grimme's D2 method. 32, 33 As VASP uses a periodic approach to electronic structures, the ribbons are placed in an orthorhombic cell being periodic in the z direction of the ribbon. By having a minimum space of 10 Å along the non-periodic directions, it is possible to reduce spurious interactions between neighbor system images. These dimensions are optimized to keep the cell total stress close to a minimum. According to cell dimensions, a few k-points are needed to sample the Brillouin zone in reciprocal space. As a result, a grid of 1 Â 15 Â 1 points the MonkhorstPack and a plane-wave cutoff energy of 500 eV represents a good compromise between precision and computing time for the optimization of the electronic density at each relaxation step. As the ACNRs do not show significant magnetization effects, 23, 26 whole analyses performed do not include spin polarization solutions.
In order to study the reactivity of the bare and B-ACNRs towards DBT adsorption, we have located the most active adsorption sites on the ribbon surface by using an appropriate reactivity descriptor. However, there is not-acriteria to accomplish this task without prior knowing the adsorption mechanism. This is why, we selected two reactivity descriptors that are able to cover both covalent and noncovalent interactions. The first one is the electrostatic or Hartree potential
that provided us with information on the nuclear and electronic charge distribution in the system. The second one is the Fukui or frontier function, which is defined as the change of the electronic density with respect to number of electrons (N), considering the nuclei position fixed, i.e., constant external potential v(r)
Due to the discontinuity of the derivative expression with respect to N, the following three functions can be defined in a finite difference approximation: 
where q v;Nþ1 ðrÞ, q v;N ðrÞ, and q v;NÀ1 ðrÞ are the electronic densities of the system with N þ 1, N, and N-1 electrons, respectively, all with the ground state geometry of the N electron system. Although the finite difference approximation to the Fukui functions works for a specific set of configurations, whilst for others is worthless to implement (i.e., full configuration interaction), 34 in most cases they are considered a reliable descriptor to indicate how the electron (incoming or outcoming) is redistributed in regions of the molecule. 35 Expressions (3)- (5) are, respectively, evaluated for: nucleophilic attack, where a molecule gains an electron; electrophilic attack, where a molecule loses an electron; and for free radical attacks. 36 This treatment of chemical reactivity is based on the assumption that when molecules A and B interact in order to form a product AB a molecular densities-perturbation occurs. 37 As the electronic density contains all sort of information, the chemical reactivity has to be reflected within its sensitivity to perturbations. Moreover, the Fukui function is also defined as the initial response in q v;N ðrÞ due to an infinitesimal perturbation in the total N, at constant external potential vðrÞ, and by measuring the q v;N ðrÞ of the frontier orbitals (HOMO or LUMO) to a small change in the number of electrons N at fixed nuclei positions. 34, 38, 39 In this work, only the nucleophilic form of Fukui function, f þ ðrÞ, is analyzed for the ACNRs to evaluate their reactivity and sensibility as function to an incoming charge. The f þ ðrÞ is obtained by applying the frozen core approximation within frontier orbital
The electrostatic potential and the Fukui functions provide information on the local selectivity for donor-acceptor interactions. In here, the electrostatic potential describes the long-range non-covalent interactions. 41 The evaluation of the incoming charge distribution on nanoribbons states that "the Fukui function is strong while regions of a molecule are chemically softer than the regions where the Fukui function is weak. By invoking the hard and soft acid and bases (HSAB) principle 42 in a local sense, it is possible to establish the behavior of the different sites as a function of hard or soft reagents (adsorbates)." 34, 38, [43] [44] [45] In the adsorption processes, it is common to transfer a fraction of the electron charge. In here, the Fukui function is a boundary case that provided us with inside information of such processes.
The electrostatic potential is computed in VASP, while the Fukui functions are calculated by using the frozen-orbital approximation as referred above for the LUMO densities obtained also with VASP and visualized through the VESTA package. 46 Several trial configurations are considered to study the DBT adsorption complexes on ACNRs and B-ACNRs for several DBT molecule orientations at active sites in the ribbons. These configurations are optimized for the bare ACNRs and B-ACNRs. The adsorption energies (E A ) are analyzed by using the following equation:
where E complex is the energy of the optimized DBT-(B-) ACNRs complex, E ACNR is the energy of the optimized bare or B-doped ACNR, and E DBT is the energy of the optimized DBT molecule in gas-phase.
III. RESULTS AND DISCUSSION
The ACNRs and B-ACNRs electronic properties have been previously studied in our group 26 by using a similar methodology as in the present research. It was found that BACNRs with BC 3 island conformations are more stable than random B arrangements. BC 3 conformations are always semiconducting independently of width and length due to a strong localization of the B states near the Fermi level. In here, random B arrangements are metallic due to the delocalization of the B states. Figure 1(a) depicts the optimized geometry of the bare 16 Â 4 ACNR, while parts (c)-(e) show the optimized geometries of 16 Â 4 ACNR-C, ACNR-E, and ACNR-R, respectively. The C-C bond lengths of B-ACNRs are between 1.41 and 1.44 Å , while B-C distances are 1.50 Å . In the BC 3 island conformation, the B-B separation is close to 2.89 Å , while in the random arrangement it can be as large as 6.27 Å . Figure 1 (b) also shows the optimized geometry for the DBT molecule, which has a S-C bond length of 1.75 Å and C-C bond lengths of the order of 1.40 Å . Table I lists the lattice supercell parameters by including corrections from dispersion interactions. From these results, we find that the calculations with dispersion corrections give us a few differences on lattice parameter up to 0.03 Å for the nanoribbon ACNR-C according to the analyses in which the PBE functional was used. In order to analyze the stability of those nanostructures, the energetic properties were also considered. Table I displays the cohesive energy per atom and the Gibbs free energy of the pristine and doped ACNRs. The cohesive energy (E C ) is the energy required to disassemble a system into each one of its parts. A bound (stable) system has a positive value of E C , which represents the energy gained during the formation of the bound state. Similar trends are found within all our analyses performed. The E C of the non-doped ACNR is higher than the B-doped ACNR independently of the boron distributions. The difference at the E C (up to 2.4 eV/atom) between the non-doped and the B-doped ACNRs is obtained by using the PBE functional. Table I displays that both the non-doped and B-doped ACNRs are stable as a graphene sheet. The B doping slightly reduces the cohesive energy compared to the pristine ACNRs. As shown elsewhere, 26 this reduction becomes less important when the system size increases. In particular, the energy reduces while the island is nearby the ribbon edge indicating that the formation of the BC 3 island 47 and the substitution on the edges 48, 49 are keys to ACNRs stability routes. Table I also lists the Gibbs free formation energy (dG) of the ACNRs that is considered the relative stability of multicomponent systems such as those for ACNRs. The dG is given by
where E(x) is the cohesive energy per atom of the ACNR, l H is the binding energy per atom of the singlet ground state of the H 2 molecule, l B is the binding energy per atom of the triplet ground state of the B 2 molecule, and l C is the cohesive energy per atom of the graphene sheet. x i corresponds to the molar fraction of the different components (H, B, C), which satisfies x i ¼ 1. A negative value for dG represents a stable structure according to the constituent, whereas a positive value represents a metastable structure. From Table I , we can observe that results for the dG show similar trend for all the functionals used: ACNR-E > ACNR-C > ACNR-R. By finding the large difference in function of the non-doped ACNR employing the PBE functional (0.294 eV/atom), this stability is in agreement with the numerically analyzed binding energies. In addition, it is interesting to observe that the position of the BC 3 nanoisland has a subtle effect in the stability of those B-doped ACNRs ($50 meV/ atom). In order to understand how the introduction of charge defects via boron doping modifies the chemical reactivity of the ribbons, it is divided into three sections as shown in Fig. 2 . The computed electrostatic potential of the bare 16 Â 4 ACNR, the B-doped 16 Â 4 ACNR-C, and ACNR-R configurations is mapped on an isosurface of the charge density as 2015) shown in Fig. 2 . By following the usual convention, the coloring of the isosurfaces goes from red (negative) to green (neutral) and blue (positive) values. Figure 2 (a) shows the surface of the bare ACNR and the characteristic distribution of negative charge at the center of the C-C covalent bonds within a well-known localization effect of negative charge near the ribbon edges that intensifies the effect due to a charge transfer from the H atoms. Then, most of the bare ACNR surface would improve its reaction to electrophiles (for example, Lewis acids) at the C-C bridges. The substitution of some C with B atoms causes a redistribution of the ribbon charge as the B atom introduces charge depletion at its site or in some cases, charge accumulation on the carbon atoms near the boron atoms. Therefore, the charge redistribution depends on the relative B-B arrangement. In the case of a BC 3 island conformation, it is one of the most stable B-ACNRs and it is shown in part in Fig. 2(b) . In here, there is a strong negative charge accumulation around the B atoms, with the most intense region localized at the central part of the ring. The B atoms would then accept nucleophiles (for example, Lewis bases), while the C-C bridges still accept electrophiles as in the case of the bare ACNR. Any incoming charge would then be distributed around the B atoms, as it is shown by the corresponding f þ ðrÞ in Fig. 2(d) . More complicated charge redistribution occurs in the random B arrangement [shown in Fig. 2(c) ], which tends to localize charge in the region surrounding the B atoms and strongly modifies the reactivity of the surface. In this case, any incoming charge would still be distributed and localized around the B atoms, as shown by the corresponding f þ ðrÞ in Fig. 2(e) . These results give us insights of the regions where the B-doped ACNRs may redistribute the incoming charge.
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Through the DBT electrostatic potential analysis, 50, 51 we know that the most reactive sites are: the S atom, which can donate charge through its lone electron pairs and it is therefore a nucleophile, the aromatic rings, which can also donate charge and the hydrogen atoms that could accept charge. The S and aromatic C atoms are able to strongly interact with the B sites on the ribbon surface, while the H atoms rely on the C-C bridges. Despite these facts, we have decided to study several conformations in order to explore the affinity that the ribbon surface has to a set of different DBT orientations. The competitive DBT adsorption through the aromatic rings and hydrogen atoms might decrease the HDS efficiency processes because it is effective while complexes are formed through the sulfur atom. 52, 53 A previous study 54 on the DBT adsorption on MoS 2 has shown that the preferred orientation is perpendicular to the surface only if it is adsorbed through the sulfur atom and parallel to the surface when it is adsorbed through the aromatic rings.
In order to cover the main adsorption pathways of DBT on the ribbon surface, we have considered the following cases. The first set is when adsorption takes place through the sulfur atom perpendicularly oriented to the surface (denoted as ?) and placed near the center (S?C) and edge (S?E) of the ribbon. A second set corresponds to the competitive case when DBT is adsorbed through the hydrogen atoms of the aromatic rings (denoted as H) near the center (H?C) and edge (H?E) of the ribbon. The third and last set of configurations is when DBT is parallel to the ribbon surface (denoted as jj). None of these configurations was found to be stable by using the local PBE functional. In contrast, all of them are stable at the semiempirical DFT-D2 level by varying the stability properties depending on the DBT TABLE II. Adsorption energy (in eV), bond distances (in Å ), difference of energy between configurations 1 and 2 (in meV), and final orientation (perpendicular or tilted) of the most stable adsorption configuration of the DBT on pristine and B-doped ACNRs. orientation. This is why, all analyses as well as results are performed by using the DFT-D2 functional. Table II shows the adsorption energy results, bond distances, and relative DBT-ribbon orientation of the most stable adsorption complexes. The highest adsorption energy on bare ACNRs occurs when DBT is adsorbed through the hydrogen atoms (E A $ À0.40 eV) in contrast to the case when it interacts via the sulfur atom (E A $ À0.23 eV).
The relatively short bond distance (d $ 2.76 Å ) in the H?ACNR configuration versus the S?ACNR (d $ 3.18 Å ) configuration indicates that the bare ACNR surface does not interact directly with the S atom. A possible explanation of this behavior relies in the C atoms near charge neutrality on the ribbon surface that reduces the possibility of long-range dipole interactions and the large S-C distance prevents the formation of a covalent bond.
In contrast, in the complexes formed on B-ACNRs we find that the E A magnitude of DBT on the B-doped ACNRs in the S?ACNR orientations is higher than complexes formed in the H?ACNR configurations, independently of the arrangement of dopants. The highest adsorption energies on B-doped ACNRs are found near the regions of highest values of f þ ðrÞ. Moreover, those E A always correspond to complexes formed in the S?ACNR orientation, this mean, involving mainly interactions with the sulfur atom.
In order to point out the preference of the S?ACNR over the H?ACNR, Table II also shows the difference of energy between configurations 1 and 2. From this row, negative values mean preference of the S?ACNR configuration over the H?ACNR configuration, as we can observe, the largest difference is up to 60 meV found in the complexes formed on the ACNR-R.
The charge depletion at B sites increases the surface preference to the sulfur atom by forming stable complexes, due to the increased capacity of the sulfur atom to interact electrostatically with the B atoms and to share its lone pairs of electrons via weak covalent interactions. A geometrical representation of these adsorbed configurations for the BC 3 and random conformations is shown in Figs. 3(a), 4(a) , and 5(a). 
The B-B interaction plays a key role in the configuration S?ACNR stabilization versus the H?ACNR ones, with the BC 3 island conformation being slightly more stable (E A $ À0.42 eV) than the random arrangement (E A $ À0.40 eV). A possible reason to explain this behavior is that in the BC 3 configuration the hydrogen atoms of carbon atoms C 4 and C 6 of the DBT molecule also interact electrostatically with C atoms nearby to the BC 3 island, increasing the adsorption energy besides the interaction of the S atom with B. This can be the reason why the DBT molecule is tilted towards B atoms in the BC 3 conformation (58.22 , see ACNR-C of Table II ) than in the random one (67. 64 , see ACNR-R of Table II) . On the other hand, if the distance between the neighboring H atoms of the DBT molecule and the C atoms of the ribbon (with less charge depletion) is shorter, the interaction energy decreases, even if the DBT interacts directly with a complete BC 3 nanoisland (see, for instance, Fig. 4) . A similar argument can explain why the H?ACNR configurations have less adsorption energy and are less tilted towards the B atoms than the S?ACNR configurations.
The E A of the DBT on the ACNR-C, ACNR-E, and ACNR-R is within the conventionally accepted threshold by separating physisorption from chemisorption (E A $ 0.04-1.75 eV). Qualitatively, from an energetic point of view, the upper limit for physisorption is usually rather weak (%0.1 eV). 55 The relatively large average strength in the S?ACNR configurations (d $ 2.95 Å ) appears to be in the order of magnitude of a strong physisorption. 56 As will be discussed in more detail in the next paragraphs, to clarify how the charge is reorganized in the complexes, the difference between the electronic charge density of the adsorbed and isolated states at position (r) is calculated as
where q complex and q ACNR are the charge densities of the complex and isolated B-ACNRs and q DBT is the charge density of the DBT, but with the same ionic coordinates as the total adsorbed system. In order to analyze the nature of the DBT-ACNRs interaction, the isosurface representations as well as the Dq profiles for the complexes formed by the DBT adsorbed on the ACNR-C and the ACNR-R through the S atom are shown in Fig. 6 . We can observe a long range dipole interaction between the two H atoms of the C 4 and C 6 atoms of the DBT molecule with regions close to the BC 3 nanoisland of both ACNRs (see Figure 6 ). No net charge is observed in the Dq profiles. Nevertheless, a similar charge rearrangement is observed at the DBT-ACNR interface for both cases. In addition, note from Figure 6 (a) a charge accumulation in the interface of the DBT-ACNR-C larger than that observed in the interface of Figure 6 (c) (corresponding to the ACNR-R). On one hand, this fact seems to indicate a slight tendency to form a covalent bonding between the S and the B atoms (see parts (a) and (b) of Figure 6 ), which can be related to the magnitude of the calculated E A . However, there is charge depletion observed in both interfaces. It can help us to understand clearly the strength of the E A , which is slightly lower in the complexes formed on the ACNR-C than those found in the ACNR-R.
Furthermore, the complexes charge transfer appears within a Bader charge distribution. 54 We find a gain of charge in the H atoms of the C 4 and C 6 of DBT, respectively, up to 0.0027 e À and 0.0098 e À during the formation of the complex on the ACNR-C and ACNR-R, respectively; while DBT sulfur atom loses charge in all the formed complexes, being up to À0.0275 e À and À0.0173 e À for the complexes formed on the ACNR-C and ACNR-R, respectively.
In addition, our results are in qualitative agreement with previous theoretical calculations on the adsorption of DBT and thiophene on CNTs and graphene, 55, 57, 58 which also found a dominating non-covalent interaction with magnitude of the adsorption energy characteristic of the physisorption process.
Taking into account the desulfurization pathways in the HDS process, organosulfur molecules are first adsorbed physically to the catalytic surface. The adsorbed states show weaker C-S bonds (characterized by longer bond distances) compared to the free molecule, which facilitates the extraction of the sulfur atom at the catalytic surface. 54, [59] [60] [61] Therefore, the comparison of the C-S distances in free and adsorbed DBT states is a good indicator of the activation of the molecule upon adsorption. We found that the largest C-S length corresponds to the adsorbed state on the ACNR-C configuration, being these separations up to 0.05 Å larger than the corresponding bond length of the free molecule. In agreement with these results, Cristol et al. 54 have reported that C-S length is increased up to 0.06 Å in their study for the adsorption of DBT on MoS 2 nanoclusters.
Finally, we have studied the effects of DBT on the electronic properties of the B-doped ACNRs. Figure 7 shows the band structure, total density of states (DOS), and local density of states (LDOS) of the sulfur atom in the DBT adsorption complexes of largest adsorption energy (ACNR-C, ACNR-E, and ACNR-R, respectively). We observe that, in general, the adsorption of DBT does not induce noticeable changes in the band structure of the ribbons near the Fermi level (E F ), i.e., it does not change in a significant way the semiconducting or metallic character of the ribbons since there is no charge transfer or covalent bonding. This behavior is in agreement with previous studies on the adsorption for thiophene on graphene. 62 However, the distribution of the S states of DBT is strongly modified by the B-B arrangement. For instance, if the DBT is adsorbed on semiconducting ACNR-C and ACNR-E conformations, its S electronic states remain strongly localized below the Fermi level [see the red curve in Figs. 7(a) and 7(b) ]. Note the localized electronic states of the S atom below E F in Figure 7 (b), we suppose that those electronic states come from the charge accumulation of the surface and depletion on the either side of the hydrogen atoms of the DBT (see, for instance, the Hsurface lengths in Figure 4 ). This fact implies a possible hybridization between the DBT and the ribbon electronic states. To understand these findings, the LDOS of the carbon atoms is included in Figure 7 (b); in here, the electronic states of the S and C 4 , C 6 of the DBT overlap with carbon peaks of the ACNR-E with some degree of hybridization.
Meanwhile, if the adsorption takes place on a metallic ACNR-R, there is a delocalization near E F on the S states [see the red curve in Fig. 7(c) ].
IV. CONCLUSIONS
In this work we have investigated the adsorption of DBT on bare and B-doped ACNRs in the framework of DFT by using periodic boundary conditions and including dispersion interactions. It was found that the dispersion correction is fundamental to describe the adsorption process of these systems, as the local PBE functional produces metastable complexes. Overall, our calculations suggest that the DBT interacts on the B-doped ACNRs follow a physisorption process. Although the adsorption mechanism is mainly non covalent, the introduction of charge defects by dopant atoms changes the adsorption properties by representing a convenient way to adjust the reactivity of the ribbons. The relative arrangement of the dopant atoms is another parameter that may serve to tune the electronic and chemical properties in view of potential technological applications.
